The recently introduced frog olfactory cilia preparation Lancet, 1984, Pace et al., 1985) has been useful for studies of molecular chemosensory mechanisms. Here we describe in detail the properties of this cilia preparation. The "calcium shock" procedure leads to a complete removal of the cilia from the olfactory epithelial surface. Isolated cilia constitute segments of proximal regions with 9 x 2 + 2 microtubular arrangement and a large proportion of membrane vesicles, probably derived from the ciliary distal segments. Polypeptides unique to the olfactory cilia preparation, compared to a control preparation of palate respiratory cilia, are identified by Coomassie brilliant blue staining, silver staining, and radiolabeled lectin overlays, as well as by biosynthetic labeling with 35S-methionine in epithelial explants and protein phosphorylation in isolated cilia. The olfactory cilia preparation contains odorant-sensitive adenylate cyclase, which is absent in control membranes from deciliated epithelium. High activities of tyrosine and serine/ threonine protein kinases are also present. The olfactory cilia preparation described should be instrumental in the further elucidation of the biochemistry and molecular biology of vertebrate olfaction.
Olfactory cilia are dendritic membrane extensions of the sensory neurons in olfactory epithelium (Menco, 1980 (Menco, , 1983 Moulton and Beidler, 1967; Reese, 1965) . Considerable evidence points to the functional importance of these membrane organelles in olfactory signal reception (cf. Lancet, 1984 Lancet, , 1986 . This includes the abolishment of odor-elicited electrophysiological responses upon mild cilia removal and return of olfactory function concomitant with cilia regrowth (Adamek et al., 1984) , the occurrence of high densities of freeze-fracture intramembranous particles in the ciliary membrane (Menco, 1980 (Menco, , 1983 , and the measurement of odorant binding activity in isolated cilia (Rhein and Cagan, 1980, 198 1) . More recently, it has been shown that isolated olfactory cilia are specifically enriched in adenylate cyclase (Pace et al., 1985) , in a GTP-binding protein similar to the one that mediates stimulatory hormonal responses (Lancet and Pace, 1984; Pace and Lance& 1986) , and in a major glycoprotein with transmembrane receptor properties (Chen et al., 1986b) . Olfactory cilia resemble the outer segments of retinal rod, another sensory organelle of ciliary origin (O'Brien, 1982; Vinnikov, 1982) , and may be equally useful for biochemical studies of transduction mechanisms.
Previously, we described a preparation of isolated frog olfactory cilia and provided an initial study of its detergent-soluble polypeptides (Chen and Lancet, 1984) . It was pointed out that frog olfactory cilia have the advantage of being very long (50-200 pm) and easy to isolate. In addition, there is a large body of data on frog olfactory responses, measured by various electrophysiological recording techniques (Gesteland, 1976; Gesteland et al., 1965; Getchell et al., 1984; Holley and Mac Leod, 1977; Sicard and Holley, 1984) . We describe here the detailed preparation procedure and properties of the olfactory cilia preparation of the frog Rana ridibunda. A similar olfactory cilia preparation has recently been introduced by Snyder (1985, 1986) in the frog Rana catesbeiana.
Materials and Methods

Preparation of cilia
Frogs (Rana ridibunda), caught in the wild, are supplied by S. Hayt, Maale Ephraim, Israel. Animals are maintained at 4°C in a dark, humid environment for l-4 d before processing. Following quick removal of the upper jaw and cranium with double pithing, the nasal cavity is dissected open and pieces of the dark olfactory epithelial sac are removed with or without small portions of the underlying cartilage. Palate respiratory epithelium is dissected from the ventral side of the upper jaw and separately processed in parallel. Cilia are prepared by a modification of published procedures (Linck, 1973; Cagan, 1980, 1981) , as previously described (Chen and Lance& 1984) . The tissue is collected in buffer A-[30 mM T&s-HCl, 100 rnM. NaCi, 2 mM EDTA, 1 mM ohenvlmethvl sulfonvl fluoride (PMSEI. nH 8.01. This and all subse&en; operations are carried o;t at OL4'C. Tyiically, 100-200 frogs (lengths 5-10 cm) are processed in one batch, and tissue collection takes 2-5 hr. Upon initiation of the deciliation procedure, the suspension of epithelial pieces (at 2-4 frogs/ml buffer) is stirred gently (using a magnetic stirrer bar at about 2 Hz) for 2 min. At this stage, some of the published procedures include the addition of 10% ethanol. In the case of olfactory cilia we find that such addition does not appreciably change the deciliation efficiency or the properties of the cilia preparation, including its enzymatic activities. Most of the olfactory cilia preparations are therefore made without ethanol. In the case of respiratory cilia, while the polypeptide pattern and enzymatic activities are again not affected, 10% ethanol markedly increases the deciliation efficiency and is therefore sometimes used. A solution of 1 M CaCl, is then slowly added, while stirring, to a final concentration of 10 mM CaCl, (with or without 10% ethanol). After 18 min of stirring, during which the cilia detach from the tissue, the suspension is centrifuged for 10 min at 1500 x P (3500 ram in a Sorvall SS-34 rotor). The nellet is used for preparat% of epithelial membranes (see below). Th'e supematant is centrifuged at 12,000 x g ( 10,000 rpm) for 10 min. The pellet containing the cilia is resuspended in buffer A at 25 frog equivalents (75-150 pg protein) per ml, divided into aliquots, and stored at -70°C. For adenylate cyclase assays aliquots are thawed only once, since refrozen samples lose most of their activity. A fresh portion of each cilia preparation is examined by dark-field microscopy (see Results) to monitor the deciliation efficiency.
Epithelial and other membranes Epithelia, before deciliation or from the low-speed pellet after deciliation, are suspended in 5-7 vol of buffer A without NaCl (hypotonic buffer A) and homogenized by a Brinkman polytron at speed 6 for l/2 min at 0°C. Cartilage fragments and large epithelial pieces are removed by centrifugation at 80 x g (800 rpm) followed by filtration through 4 layers of gauze. The filtrate is centrifuged twice at 1500 x g for 10 min each time and the darkly pigmented pellet removed. The final supernatant is centrifuged at 27,000 x g (15,000 rpm) for 20-30 min to yield a light yellow membrane pellet. This is suspended in buffer A at 30-50 frog equivalents (l-3 mg protein) per ml, divided into aliquots, and stored at -70°C.
Brain membranes are prepared from whole frog brains by a procedure identical to that of preparing epithelial membranes. Frog liver membranes are prepared by the procedure of Northup et al. (1980) .
Light microscopy
A drop (5 ~1) of cilia suspension is placed on a glass slide and spread under a coverslip. Cilia are examined by a Zeiss standard 18 equipped with a dark-field condenser and planapochromat objectives, using transillumination from a 100 W incandescent light source.
Scanning electron microscopy
This is performed on epithelial pieces with a cartilage support before or after deciliation. Samples are fixed in 5% glutaraldehyde (Polyscience) in PBS for 2 hr at 23°C. The tissue is then washed in PBS 5 times, 12 min each, and postfixed in 2% osmium tetroxide (Fluka) in PBS at 4°C for 1 hr. After further washes in PBS for 60-90 min, the tissue is dehydrated in an ascending series of ethanol-water mixtures (20 min each of 25, 50, 75, and 95% ethanol), followed by 2 x 1 hr incubation in 100% ethanol. The samples are then dried in liauid CO, on a Autosamdri-8 10 (Towsimis) critical point drying device, gold-coated on a Sputter Coater S 150 (Edwards) for 5 min, and kept dessiccated. Microscopy is carried out on a JSM 35C (JEOL) scanning electron microscope.
Electron microscopy
One milliliter of cilia suspension from the preparative 1500 x g supernatant containing 5-l 5 frog equivalents is centrifuged at 10,000 x g for 15 min in an Eppendorf tube. The pellet is fixed in 3% glutaraldehyde in PBS at 23°C for 2-4 hr, then washed in PBS and postfixed in 2% osmium tetroxide in PBS for 1 hr at 23°C. Following 3 washes in H,O, the pellet is dehydrated in ascending ethanol concentrations at 23°C: 20 min in 50% ethanol, 20 min in 75% ethanol, 30 min in 75% methanol with 2% uranyl acetate (Merck), 2 x 20 min in 96% ethanol, 2 x 20 min in 100% ethanol, 2 x 20 min in 1,2 propylene oxide (Merck), 1 hr in 1: 1 propylene oxide : Epon mixture, then overnight in Epon mixture (21 ml Polv/Bed 812. 11 ml dodecvl succinic anhvdride. 13 ml nadic methyl anhydride, 0.3 ml accelerator DMP-30; ali from'Polyscience). The pellet is finally embedded in fresh Epon mixture at 60°C for 48 hr. Ultrathin sections (40 nM) are cut on a Sorvall Porter-Blum MT-2B ultramicrotome, using a diamond knife (Diatome). Sections are mounted over copper grids, stained with 2% uranyl acetate in 75% methanol for 2 min, then with lead citrate (2.6% lead nitrate, 3.5% sodium citrate in 160 mM NaOH) for 15 sec. Electron micrographs are taken on a Philips 300 microscope at 80 kV.
Gel electrophoresis
This is done in the discontinuous buffer system of Laemmli (1970) in 10% polyacrylamide in the presence of 2-mercaptoethanol. Electrophoresis is carried out on lo-cm-long slab gels for 3-4 hr at 23°C. For silverstaining analysis and phosphoprotein visualization, longer gels (18 cm) are run for 18 hr at 4°C.
Glycoproteins are identified by direct binding of Y-labeled lectins concanavalin A (Con-A) and wheat germ agglutinin (WGA) to the Coomassie brilliant blue-stained ael, accordinn to Burridae (1978) . After destaining in methanol/acetic acid, gels are washed in b&& containing 50 mM Tris-HCl. DH 7.5. 150 mM NaCl. 0.1% NaN,. and. in the case I . ,, I
of Con-A labeling, 0.5 mM CaCl, and 0.5 mM MnCl,. Following incubation for 5-l 8 hr in the same buffer, containing 2 &ml radiolabeled lectin (5 &i/pg) and 1% BSA, the gel is washed in buffer for 24-72 hr, dried, and autoradiographed. Silver staining is carried out according to Menil et al. (198 1) . In brief, the electrophoretic gel is incubated in 50% methanol/l2% acetic acid in water for protein fixation, washed in 10% ethanol/5% acetic acid, incubated in 3.4 mM K,Cr,O, with 3 mM HNO, (5 min), and then stained in 12m~ AgNO, (30 min). The stain is developed in 0.02% formaldehyde and 0.28 M Na,CO, for lo-15 min, stopped in 1% acetic acid, washed in water, and destained in 0.0 1% potassium ferricyanide and 0.2% sodium thiosulfate.
Phosphorylation of ciliary polypeptides
Cilia (1 O-40 pg protein) are suspended in 20 ~1 of 10 mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer, pH 8.0, 150 mM NaCl, and 0.05% Triton X-100. The reaction is carried out for 10 min at 23°C in a total volume of 50 ~1 of the same buffer, containing 80 ILM ATP, 1.5 mM cytidine 5' triphosphate (CTP), 4 mM MgCl,, 4 midithiothreitol (DTT) and 20 uCi r-'*P-ATP (3000 Ci/mmol: Amersham). The reaction is terminated by boiling in SDS electrophoresis sample buffer for 3 min. Phosphorylated polypeptide substrates are visualized by autoradiograpb.
Organ culture and biosynthetic labeling Olfactory or respiratory epithelia from l-3 frogs are dissected as described above, but under sterile conditions, washed in sterile APBS (amphibian PBS, 110 mM NaCl, 5 mM KCl, 3 mM sodium phosphate, pH 7.5) containing antibiotics (1500 U/ml mycostatin, 100 pg/rnl kanamycin, 100 U/ml penicillin). The epithelia are then cut into small pieces (-1 mmZ) and incubated in sterile plastic Petri dishes (Falcon, 35 x 10 mm) in 1.5 ml of Eagle's minimal essential medium without methionine (Gibco), supplemented with 1% fresh glutamine, antibiotics ( 100 U/ml mycostatin, 100 &ml kanamycin, 100 U/ml penicillin) and 140 UCi 3sS-methionine (800 Ci/mmol: New Endand Nuclear). Incubation is for 24-72 hr at 2YC in a humid atmosphere. It is found that, while epithelia appear viable even after 72 hr, optimal biosynthetic labeling is obtained at 48 hr. At the end of the labeling period the tissue is removed, washed carefully in buffer A, and deciliated at 0°C in 0.5 ml buffer in Eppendorf tubes, as described above. Mixing is effected by a mechanical rocker at 1 Hz. Cilia and deciliated epithelial pieces are obtained as the 12,000 and 1500 x g pellets, respectively, are exposed to 1% Triton X-100 in buffer A for 15 min at 23°C and then centrifuged at 10,000 for 10 min. The pellet of the cilia extract contains the microtubular cytoskeleton (axoneme) and the supematant (M fraction; Chen and Lancet, 1984; Chen et al., 1986a) contains membrane-associated proteins. The supematant of the tissue (extract) contains membraneassociated and cytoplasmic proteins. Electrophoretic gels of the various fractions are treated with ENjHance autoradiography enhancer (New England Nuclear) and autoradiographed.
Tyrosine phosphokinase activity
Cilia or other membranes (5-20 wg protein) are solubilized in 30 ~1 of 50 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonicacid (HEPES), DH 7.6. 150 mM NaCl. and 0.1% Triton X-100 at 0°C. A 15.000 x P supematant (extract) is assayed for protein kinase activity with a synthetic copolymer of glutamic acid and tyrosine [poly(Glu,Tyr), 4: 1; Sigma], according to Grunberger et al. (1983) . After 30 min at 23°C 25 pl reaction mixture containing 50 mM HEPES, pH 7.6, 2.2 mg/ml poly(Glu,Tyr), 10 mM Mg acetate, 0.9 mM CTP, 20 PM ATP, and 5 PCi Y-~*P-ATP (3000 Ci/mmol) is added. The reaction is carried out for 10 min at 23°C and terminated by blotting onto Whatman 3-filter paper and quenching in 10% trichloroacetic acid. After 18 hr of washing in 10% trichloroacetic acid containing 2% sodium pyrophosphate, papers are washed in 95% ethanol, dried, and 32P incorporation into the adsorbed polypeptide substrate is measured by scintillation counting of the filter paper.
Histone phosphokinase activity
Cilia or other membranes (20-100 &ml) are brought up in 10 mM MOPS buffer, pH 8.0, with 150 mM NaCl, and 0.05% Triton X-100. and histone phosphotylation is measured as described (Johnson et al.; 1975; Kupfer et al.. 1979 ). The reaction is carried out at 23°C for 30 min in 66 ~1 of the'same buffer, containing 8 mM Mg acetate, 100 mM EDTA, 1 mg/ml histone H2b (Sigma), 0. <rnM ATP; 5 &i rl"P-ATP (3000 Ci/mmol), 1 mM isobutyl methyl xanthine (IBMX) and 0.3% Triton X-100. Further steps are as in the tyrosine phosphokinase assay. Vol. 6, No. 8, Aug. 1986 Figure 1. A scanning electron-microscopic view of cilia removal. Top, An untreated frog olfactory epithelial surface with the ciliary tangle intact. Bottom, The surface of frog olfactory epithelium from the 1500 x g pellet after deciliation. Scale bar, 1 pm.
Adenylate cyclase assay Adenylate cyclase is assayed by the method of Salomon (1979) . Cilia or membranes (at 2-20 &ml) are incubated at 30°C in 25 mM Trisacetate. nH 7.6. with 0.5 mM L+P-ATP (20-60 Ci/mol: Amersham). 5 mM kg W&e, 50 PM CAMP, 1 mM CT-f, 0.5 mM hbfx, lo pi GTP, 5 mM creatine phosphate, and 50 U/ml creatine phosphokinase (all from Sigma) in a final volume of 50 ~1. After 20 min the reaction is stopped by adding 100 ~1 of a solution containing 2% SDS, 45 mM ATP, and 1.3 mM CAMP and boiling for 3 min. 3H-cAMP (0.02 PC, Amersham) is added to monitor CAMP recovery on the columns. The separation of '*P-CAMP from other labeled nucleotides is achieved by consecutive chromatography on Dowex cation exchange resin and aluminum oxide as described (Salomon, 1979) . The eluate containing the (u-~ZP-CAMP and the 'H-CAMP is counted on a scintillation counter. For odorant stimulation, an aqueous stock solution is used, containing an equimolar mixture (2.5 mM each) of 4 odorants: n-amyl acetate, 1,8-cineole, citral (mixture of cis and tram isomers) and I-carvone (all from Aldrich). This solution is diluted into the reaction mixture to reach the final total concentrations indicated. Protein concentration of samples in this and all other experiments is assayed by the method of Bradford (1976) .
Results
Microscopic characterization of isolated cilia
The deciliation procedure leads to complete removal of cilia from the olfactory epithelial surface, as shown in the scanning electron micrograph of Figure 1 . Before calcium shock treatment, the exposed surface consists of a dense mesh of ciliary extensions. After cilia removal, the apical regions of supporting cells are exposed. These are originally covered with microvilli (Menco, 1980 (Menco, , 1983 . However, exposure to high calcium induces actin core filament solation (Burgess and Prum, 1982 ), which appears to lead to the formation of a modified surface with enlarged microvilli and membrane ruffles (Fig. 1, bottom) . This process may also lead to the detachment of some microvilli-derived membrane vesicles containing disintegrated actin filaments (Burgess and Prum, 1982) . However, the relatively low actin content of the cilia preparation (see below) suggests that such structures do not constitute a major impurity. Isolated cilia may be visualized by dark-field microscopy ( Fig.  2 ) a method routinely used by us to monitor the yield of deciliation. It may be seen that the olfactory cilia preparation contains ciliary segments of lo-30 pm length, together with round structures, possibly large membrane vesicles. The control respiratory cilia preparation contains somewhat shorter ciliary segments (< 10 pm). In the case of olfactory cilia, the visible structures are much shorter than the total length of the cilium (50-200 pm; Menco, 1980 Menco, , 1983 Reese, 1965) and may therefore represent broken segments. The visible structures in the respiratory cilia preparation most probably correspond to the whole ciliary length (5-10 pm; Menco, 1980 Menco, , 1983 .
The isolated cilia preparation is examined by transmission electron microscopy (Fig. 3) . The bulk of the preparation constitutes membrane vesicles of varying size, mostly in the range Figure 2 . Light-microscopic visualization of cilia. Cilia preparations from frog olfactory (top) and respiratory (bottom) epithelium. Cilia were concentrated by centrifugation at 10,000 x g and resuspended at about 75 frog eqiivalents p&r ml. Dark-field visualization using a 25 x objective. Scale bar, 30 pm. of 0.1-l pm, many of which are probably not visible by light microscopy. Segments or cross sections of ciliary axonemes are also seen, and many small, round structures that are relatively electron opaque may be cross sections of distal ciliary regions, containing packed microtubules. Contamination by cytoplasmic organelles (e.g., mitochondria, lysosomes) is not clearly evident. Since most of the length of frog olfactory cilia corresponds to distal regions that have a modified microtubule arrangement, different from the classical 2 x 9 + 2 structure (Reese, 1965) , it is not surprising that the latter are not abundantly visible. In preliminary experiments, it was found that a fraction richer in proximal segments of olfactory cilia may be separated by sucrose gradient density centrifugation from a lighter membrane vesicle fraction. However, because of the very limited amount of epithelial tissue available (about 0.2 gm per frog), no fractionation is employed on a routine basis, and our preparation presumably represents the entire ciliary length.
Chen et al. Vol. 6, No. 8, Aug. 1986 A Figure 4 . Polypeptides of the olfactory cilia preparation. A, Electrophoretic patterns of samples of a frog olfactory cilia preparation visualized with Coomassie brilliant blue staining (sides) and with radioactive lectin overlay of the same gels, respectively, followed by autoradiography (center). Molecular weight standards (top to bottom, phosphorylase b, BSA, bovine brain tubulin, ovalbumin. carbonic anhydrase) are shown on the right; the 3 major ciliary glycoproteins are indicated on the left. WGA also labels species at the top of the electrophoretic gel (> 300 kDa). B, Silver-stained electronhoretic nattems of olfactorv cilia (OC) compared to respiratory cilia (RC), membranes from olfactory epithelium after deciliarion (OE), retinal rod outer segment preparation (VM), and liver membranes (LM). all from frog. Leftmost he. Phosphoproteins in the olfactory cilia preparation lr&ele~ by incubation of isolated cilia with '*P-ATP. In addition to glycoproteins (gp), phosphoproteins Qp), and cytoskeletal proteins (actin and tubulin), the alpha Polypeptide constituents of isolated olfactory cilia Figure 4 depicts the polypeptide patterns seen by SDS-PAGE of the preparation of isolated frog olfactory cilia. These patterns are similar to, but distinct from, those previously reported for Triton X-1 OO-soluble ciliary fractions (Chen and Lancet, 1984) . The relatively simple polypeptide pattern observed makes it possible to identify individual proteins and examine some of their properties without elaborate purification procedures. The Coomassie brilliant blue staining pattern of olfactory cilia (Fig.  4A ) has a major polypeptide doublet corresponding to alpha and beta tubulin. Tubulin constitutes about 70% of the total Coomassie brilliant blue stainable protein of this preparation, as determined by densitometric scanning. A minor polypeptide, accounting for ~7% of the Coomassie brilliant blue staining, comigrates with actin, and possibly represents an impurity arising from supporting cell microvilli or other actin-containing cellular fractions. The glycoprotein pattern of the intact cilia preparation is similar to that described previously for a Triton X-100 extract of the cilia (Chen and Lancet, 1984) . It consists of 3 polypeptide regions reactive with Con-A at 58, 95, and 120 kDa. Addition of 150 mM alpha methyl mannoside to the lectin overlay solution abolishes most of the Con-A binding to all 3 glycoproteins. Only one of the ciliary glycoproteins (gp95) reacts with another lectin, WGA. The silver-staining pattern of olfactory cilia (Fig. 4B ) reveals a more complex polypeptide pattern than that seen with Coomassie brilliant blue. Again, tubulin appears as a major protein component. Other major stained regions appear at positions corresponding to gp95 and gp58, the latter partially overlapping the tubulin. The 2 major glycoproteins, similar to other highly glycosylated and/or negatively charged polypeptides (Fairbanks et al., 1971) , are stained very weakly by Coomassie brilliant blue. Other identifiable silver-stained polypeptides migrate in positions corresponding to actin and to the beta subunit of GTPbinding proteins (G-proteins) . These species are also identified as prominent polypeptides in rod outer segment membranes. The alpha chain of the stimulatory G-protein in olfactory cilia (Pace and Lance& 1986; Pace et al., 1985) , present in smaller amounts than the beta chain, is not clearly visible in the other membrane preparations, with the possible exception of those from liver membranes.
The silver-stained polypeptide pattern of olfactory cilia, sim- ilar to that of retinal rod outer segment membranes, but unlike membranes of deciliated olfactory epithelium or liver membranes (Fig. 48 ) has relatively few and distinct polypeptides. Respiratory cilia have an even simpler pattern, strongly dominated by the tubulin doublet (Fig. 4B) .
Biosynthesis of ciliary proteins in epithelial explants
We carried out a study of the metabolic labeling of proteins in olfactory epithelial explants in organ culture. When frog epithelia are maintained for 48 hr in culture medium containing j5S-methionine, and subsequently deciliated, it is possible to identify metabolically labeled polypeptides in the cilia and in the deciliated epithelium (Fig. 5 ). Species comigrating with gp58 and gp95 are major labeled proteins in olfactory cilia, but not in respiratory cilia. The extract of deciliated olfactory epithelium appears to have mainly gp58. In contrast, gp95 is seen in the detergent-soluble olfactory cilia fraction, but not in deciliated epithelium. Olfactory ciliary tubulin is only lightly labeled, while that in respiratory cilia is a major biosynthetic product. The olfactory (but not respiratory) epithelial extract contains a prominent biosynthetically labeled band at ~20 kDa that may correspond to olfactory marker protein (OMP, Margolis, 1975) .
Protein phosphorylation in isolated olfactory cilia Since protein phosphorylation is found to play an important role in many transduction processes, we decided to find out whether such a reaction occurs in the isolated cilia preparation. Protein kinase activity was measured using 2 exogenous substrates: poly(Glu,Tyr), a synthetic polypeptide that contains tyrosine but no serine or threonine, and histone (Fig. 6A) . The olfactory cilia preparation is found to contain relatively high specific activities of protein kinases reactive with both polypeptide substrates. The tyrosine kinase activity in olfactory cilia is much higher than that in membranes derived from deciliated olfactory epithelium or from brain, but is comparable to that in respiratory cilia. Histone kinase activity (mainly serine-and threonine-specific) is relatively high in both types of cilia, as well as in the membranes from deciliated olfactory epithelium, but lower in brain membranes.
When isolated cilia are incubated with 32P-ATP, several polypeptide bands are labeled (Fig. 4B ). This suggests that olfactory cilia contain not only protein kinase activity, but polypeptide substrates for such enzyme(s). The phosphorylation of 3 polypeptides (marked pp52, pp26, and pp24) is found to be modulated by the addition of cyclic nucleotides, as will be described elsewhere (J. Heldman and D. Lance& unpublished observations).
Odorant-sensitive adenylate cyclase is spec@ic to olfactory cilia Olfactory cilia have recently been shown to have an extremely high specific activity of adenylate cyclase, and the enzyme was shown to be odorant-sensitive (Pace and Lance& 1986; Pace et al., 1985) . Remaining is the question of whether the odorant sensitivity of adenylate cyclase is unique to olfactory cilia, or is also present in the rest of the epithelium. As is shown in Figure  6B , membranes prepared from intact olfactory epithelium show a distinct, dose-dependent odorant enhancement of adenylate cyclase activity similar to that of isolated olfactory cilia. In contrast, membranes prepared from olfactory epithelium after deciliation show practically no odorant sensitivity. These results suggest that olfactory cilia contain most, if not all, the odorantstimulated enzyme.
Discussion
Isolated frog olfactory cilia constitute a defined membrane preparation that allows one to study functional molecular components of olfactory sensory dendrites. Electron microscopy results suggest that, in addition to having classical ciliary profiles, the olfactory cilia preparation contains a large proportion of round membrane vesicles of 0.1-1.0 Mm diameter, some containing microtubuli in their internal space. These membrane vesicles may derive from the long (> 100 pm) distal regions constituting most of the ciliary length, and where the frog sensory organelle tapers to 0.1 pm diameter, with concomitant loss of microtubules (Menco, 1983; Moulton and Beidler, 1967; Reese, 1965) . In this region, the membrane+ytoskeleton interactions may be weaker, and the lipid bilayer may be sheared off during deciliation. The proportion of such membrane vesicles in a cilia preparation can be increased by certain procedures (Subbaiah and Thompson, 1974) and they may be partially separated from proximal ciliary segments and microtubular axonemes by differential sedimentation in a sucrose gradient Snyder, 1985, 1986; and our unpublished observations) . However, since no information is available on the relative content of functional components in various ciliary subfractions, our studies are routinely carried out on the original, entire cilia preparation, without fractionation. The ciliary segments and/or the vesicles derived from them appear to form enclosed, tight membrane structures with a measurable internal volume Snyder, 1985, 1986) . Our unpublished observations (in collaboration with Dr. H. Garty of our department), made using a sensitive method for measuring radioactive sodium uptake (Garty et al., 1983) are consistent with this notion. However, after freezing and thawing, the cilia become leaky and their internal volume becomes accessible to membrane-impermeable nucleotides (Pace et al., 1985) . In the future, it may be possible to study gating mechanisms in the ciliary membranes by ion uptake methods, complementing the single ion channel recordings performed in olfactory neuronal preparations (Kleene et al., 1985; Maue and Dionne, 1984; Vodyanoy and Murphy, 1983) .
The data presented here suggest that the olfactory cilia preparation possesses some unique properties that may help distinguish it from other membrane preparations. In particular, we demonstrate a clear difference between the cilia preparation and fractions derived from olfactory epithelium after deciliation. Olfactory cilia have a relatively simple electrophoretic polypeptide pattern, and 3 distinctly labeled glycoprotein species. In its electrophoretic simplicity, olfactory cilia resemble rod outer segments (O'Brien, 1982) and erythrocyte membranes (Fairbanks et al., 197 1) . Tubulin, a prominent constituent of the ciliary cytoskeletal axoneme that has been previously used as a specific biochemical marker in the purification of olfactory cilia (Chen and Lance& 1984; Rhein and Cagan, 1980) is shown here to be the major Coomassie brilliant blue-stained polypeptide in the ciliary gel electrophoresis pattern, which confirms the relative purity of the isolated olfactory cilia preparation. Protein gp95, a major transmembrane glycoprotein of olfactory cilia in the frog, and possibly also in other species, is another specific marker (cJ Chen and Lance& 1984; Chen et al., 1986a, b) . The cholera toxin-labeled stimulatory GTP-binding protein, G, (Gilman, 1984) , is enriched in olfactory cilia compared to respiratory cilia and deciliated olfactory epithelial membrane fractions (Pace and Lance& 1986; Pace et al., 1985) . Finally, enzymatic activities, such as tryrosine-specific protein kinase, odorant-sensitive adenylate cyclase (shown here), and Na/K ATPase (Anholt and Snyder, 1986) are enriched in frog olfactory cilia preparations.
Each of the individual attributes described, or combinations thereof, can be used in the preparation and purification of olfactory cilia. In other species, where cilia isolation and purification are less facile than in the frog, such criteria may be highly useful. For example, we have begun to develop a mammalian cilia preparation from rat olfactory epithelium (Pace and Iancet, 1986) . We find that the electrophoretic polypeptide pattern of this preparation is more complex and its cholera toxin substrate (G,) content is lower than that of the amphibian counterpart; hence, its purity cannot be readily assessed on these bases. However, similar to the frog preparation, the mammalian preparation has very active odorant-sensitive adenylate cyclase (Pace and Iancet, 1986) and contains a major integral membrane glycoprotein in the 90 kDa region (Chen et al., 1986b) .
Relatively little is known about the expression, post-translational modification, and compartmentalization of functional proteins in the intact sensory neurons. This is partly because culture systems of olfactory epithelial cells have not yet been fully developed (cf. Lancet, 1986 , for a review). Here we describe log M odorants Figure 6 . Enzymes of olfactory cilia. A, Protein kinase activities of olfactory cilia (OC) compared to respiratory cilia (RC), membranes from deciliated olfactory epithelium (OEM), and brain membranes (EM), all from frog. Exogenous substrates used were poly(Gly,Tyr) (left) and Histone 2b (right), respectively, representing tyrosine and serine/threonine protein kinase activities. B, Adenylate cyclase activity in olfactory cilia (CZL) and in membranes from intact (OE) and deciliated (OEM) olfactory epithelium. Activation by odorants is shown as a function of log odorant concentration (sum of all 4 odorants). On horizontal axis, "0" indicates no odorants. All measurements were carried out in the presence of 10 WM GTP.
for the first time an experimental system in which the biosynthesis of ciliary and other olfactory epithelial proteins may be monitored in organ culture. The ciliary glycoproteins gp95 and gp58 appear to turn over at a relatively fast rate, while the biosynthesis of other olfactory cilia proteins, including axonema1 tubulin, is slower. This may suggest that membrane-associated ciliary proteins are inserted at rates faster than that of ciliary growth. The polypeptides of respiratory cilia and epithelia are more heavily labeled, possibly because of cell division and de novo cilia growth. This is consistent with our unpublished observation of cell division in the respiratory, but not in olfactory, epithelial explants. The understanding of molecular events in neuronal transduction can benefit considerably from the existence of wellcharacterized membrane preparations. Such preparations have been reported and studied in several neuronal systems (Lajtha, 1984) . The present paper attempts to define an analogous preparation with a high content of dendritic sensory extensions from olfactory neurons. The capability to monitor an odorant-sen-2154 Chen et al. Vol. 6, No. 8, Aug. 1986 sitive enzymatic activity (adenylate cyclase, and, in the future, possibly also GTPase; see Schramm and Selinger, 1984) in such isolated membranes provides an invaluable tool for understanding olfactory reception and transduction. Future studies using this or similar olfactory cilia preparations could also shed light on general mechanisms of signal transfer across neuronal membranes.
